Seven lines of haploid Nicotiana tabacum tissue culture selected for resistance to normally toxic levels of the glycine analog glycine hydroxamate, a competitive inhibitor of the glycine decarboxylase reaction, were investigated. The presence of glycine hydroxamate greatly increased the intracellular concentration of both glycine and alanine in wild type and resistant cell lines, suggesting that the inhibitor blocks both glycine-and alanine-utilizing reactions. AU the resistant cell lines, whether grown in the presence or absence of glycine hydroxamate, had high intracellular concentrations of the 12 free amino acids which were analyzed, including glycine and seine. (These lines averaged 3.6 times the total amino acid content of wild-type cells in the absence of the inhibitor). The resistant cell lines were indistinguishable from wild-type cell Unes in their metabolism of radioactively labeled glycine hydroxamate and glycine. Comparison of the metabolism of radioactively labeled alanine, glycolate, and glyoxylate in wild-type and a resistant line also revealed no distinctive differences. Glycine decarboxylase activities were unaltered in the resistant cell Unes. The cellular toxicity of glycine hydroxamate is considered in relation to (1) the competitive inhibition by glycine hydroxamate of the glycine-and alanine-utilizing enzymes and (2) the resultant imbalances caused by high intracellular concentrations of these amino acids. The significance of elevation of total free amino acid concentration in effecting resistance to the inhibitor is discussed.
Amino acid analogs have been used as selective agents in plant tissue cultures by several laboratories (6, 7, 19, 20) . In these cases, analog toxicity was ascribed to false feedback inhibition of synthesis of a metabolically related amino acid (7, 17) The false feedback inhibition caused by some amino acid analogs is inoperative in cells with decreased regulation at the site of feedback inhibition (and therefore increased synthesis of the amino acid) (17). Incorporation of an amino acid analog into proteins and competition of an analog in essential enzymic reactions are less effective in cells with increased concentrations of the analogous amino acid. Thus selection of plant cell lines that are resistant to an amino acid analog has resulted in lines with increased intracellular concentrations of the analogous amino acid (6, 7, (18) (19) (20) .
Glycine hydroxamate is an analog which reversibly inhibits the photorespiratory conversion of glycine to CO2 and serine in tobacco and causes accumulations of glycine in the callus cells (13) . Little is known about the effect of glycine levels on photorespiration. High glycine concentrations could result in feedback inhibition of glycolate synthesis. Blocking the conversion of glycine to serine could favor a possible alternate pathway for glycine and serine metabolism with lower rates of CO2 production. To analyze such possibilities, tobacco cell lines resistant to the toxicity of glycine hydroxamate were selected, and glycine levels and other factors involved in glycine hydroxamate resistance in tobacco cell lines were studied.
MATERIALS AND METHODS
Tissue Culture and Selection. Tobacco callus tissues were maintained on solid medium containing Murashige and Skoog plant salts mixture (Flow Laboratories, Rockville, MD) with 1% agar, 0.3 mg/l naphthaleneacetic acid, 0.3 mg/l isopentenylaminopurine, 100 mg/ 1 inositol, 1 mg/ l thiamine, and 2% sucrose (14) . The nitrogen sources in the salt mixture were NH4NO3 (1650 mg/ 1) and KNO3 (1900 mg/ 1). For suspension cultures, the agar was eliminated and the concentration of naphthaleneacetic acid was increased to 3.0 mg/1. Photoautotrophic medium (standard medium eliminating sucrose), (4) was also used.
The cultures originated from anthers of Nicotiana tabacum var. John Williams Broadleaf aurea, as previously described by Berlyn and Zelitch (3) . Suspensions of these haploid cells were irradiated with UV light for 3 min at 5.5 J/m2 *s, plated on medium with 3.0 mg/ 1 naphthalene acetic acid for 2 weeks, and then transferred to Petri dishes containing standard growth medium supplemented with 5 or 10 mm glycine hydroxamate. Callus isolates growing on these media were transferred and repeatedly tested for their resistance to 2 mM glycine hydroxamate-containing culture medium.
Long Term Incorporation and Metabolism of Hydroxamate by Callus Tissue. For [1_-4Cjglycine as described by Lawyer and Zelitch, (12, 13) .
Determination of Amino Acid Concentrations. The preparation of tobacco callus cells for amino acid analysis used 1 g fresh weight of callus tissue. The tissue was homogenized in 1 ml of ethanol: 1 N HCI (4:1 v/v), the suspension made to 20 ml with water and centrifuged twice at 38,000g for 10 min, and the pellet resuspended in 10 ml water between centrifugations. The combined supernatant fractions were transferred with 6 ml H20 into a 125-ml separatory funnel. The lipids and Chl were extracted with 30 ml, and then 20 ml of chloroform. The remaining aqueous phase was flushed with N2 gas to remove some of the dissolved chloroform, and passed through columns (0.7 x 6 cm) of Dowex-1-acetate which had about 0.5 cm of activated charcoal (Darco G-60, ICI America, Inc., Wilmington, Del) at the bottom of the anion exchange resin. The aqueous eluate from the columns was passed through a Dowex-50-H+ column (0.7 x 6 cm), washed with water, and the amino acid fraction then eluted with 10 ml of 2 N NH40H. Aliquots, 200 Id, of the amino acid fractions were transferred to 1.2 ml ampules (Wheaton, Millville, NJ), taken to dryness by blowing a stream of N2 gas on the surface, redissolved in 100
IlI water, and taken to dryness again. Then 200 ,lI of 6 N HCI were added, the ampules were sealed in vacuo and incubated at 100 C for 24 h to hydrolyze the asparagine and glutamine. The ampules were opened, the contents dried, dissolved in 100 ul water and taken to dryness again. The samples were analyzed using a Beckman 12 1M Automatic Amino Acid Analyzer.
The acid hydrolysis was necessary because the quantities of asparagine and glutamine present in the callus tissue (over 10,000 nmol/g fresh weight) interfered with the quantitative estimation of senine and threonine in the amino acid analyzer. The high asparagine and glutamine concentrations are probably due to growth of the callus cells on ammonium salts as sources of nitrogen. Leaves Table I . The most dramatic effect of incubating wild-type callus on medium containing 2 mm glycine hydroxamate for 48 h was an increase in the intracellular concentrations of glycine and alanine (Table I ). These concentrations increased by 6.3-and 3.0-fold, an absolute increase of 1,100 and 420 nmol/g fresh weight, respectively. Changes in other free amino acid concentrations were small, when calculated either on an absolute basis or as a percentage change. Proline pool sizes (data not shown) were also unaffected by glycine hydroxamate. The total free amino acid concentration (of the amino acids analyzed) increased only 78% in the presence of the inhibitor and most of this increase was caused by the change in the glycine and alanine concentrations.
The increases in the intracellular glycine concentration, 1,100 nmol/g fresh weight when grown on medium containing 2 mM glycine hydroxamate (Table I) 200 nmol/g fresh weight), the complete hydrolysis of the hydroxamate to glycine during sample preparation would account for less than one-fifth of the increases in intracellular glycine observed after growth in the presence of glycine hydroxamate.
Because of the concurrent increases in glycine and alanine in these experiments, the effects of supplementation of the growth medium with either glycine or alanine were examined. When wild type callus was incubated for 48 h on culture medium supplemented with 10 mm glycine, the intracellular glycine concentration increased over 13-fold and the alanine pool size in these cells remained unchanged. Growing wild type callus on medium containing 10 mm alanine increased the alanine content 34%, while the concentration of glycine decreased by 10%o. Therefore (Table  II) . On the average, resistant cell lines had 3.6 times the total amino acid content of the wild type cells. Glycine concentrations ranged from 1.9 to 5.8 times larger than wild-type concentrations, equivalent to a 190 to 1,020 nmol/g fresh weight increase, respectively. Alanine concentrations were also larger than those observed in wild-type cell lines by a factor of 1.2 to 5.6 (Table II) .
The concentrations of all the other amino acids analyzed were also greater in the resistant cell lines. Increased concentrations were found in Thr, Ser, Val, Ile, Leu, Tyr, Phe, His, Lys, and Arg (Table II) , and in Pro (data not shown). The relative intracellular concentrations ofglycine and alanine were fairly well coordinated. For example, UGH-20 had the largest concentrations of both amino acids, and UGH-21 had the smallest of both. Although percentage increases larger than those of glycine and alanine were observed for other amino acids, notably the aromatic amino acids or arginine in most cell lines, these changes represent absolute increases of small magnitude. The pattern of increase appeared to be somewhat distinctive for each cell line.
The effect of glycine hydroxamate on the amino acid concentrations of the glycine hydroxamate-resistant cell lines was similar to that observed in wild-type cells: the intracellular concentrations of glycine and alanine increased in all resistant cell lines (Table  III) (Table IV) . These rates were somewhat of glycine hydroxamate increases the intracellular pool sizes of glycine and alanine in all cell lines studied (Table II) , the effect of growing these cell lines on culture medium supplemented with either 10 mm glycine or 10mM L-alanine was studied. The presence of either 10 mm glycine or 10 mm alanine in the medium was inhibitory to wild-type callus. In contrast, all but one of the glycine hydroxamate-resistant cell lines grew an both media. The observed growth rates of the resistant lines on media supplemented with the amino acids ranged from marginal to strong normal growth (with the exception of UGH-103, which consistently did not grow on 10 mm glycine). In contrast, wild-type and resistant cell lines (except UGH-101) were sensitive to the presence of 10 mM Lserine or 10 mM L-lysine in the medium. These observations imply the specificity of the glycine and alanine effects. Both wild-type and glycine hydroxamate-resistant cell lines grow in the dark. In the presence of 2 mM glycine hydroxamate, (Table I) is shown in Table VI . Wild type (I-M6) amino acid concentrations were relatively unaffected by growth in the dark or light (Table VI) , but a very large 2,800   650  390  290  240  Val  220  120  80  100  50  Ile  270  80  50  40  20  Leu  310  100  80  140  70  Tyr  200  40  20  40  Phe  340  100  40  10  20  His  1,200  660  570  570  440  Lys  770  160  120  70  40  Arg  360  120  30  40 Total amino acids 10,200 3,200 2,000 2,400 2,300 To test whether hydroxylamine, a possible breakdown product of glycine hydroxamate, was the actual inhibitor to wild-type callus cells, both 1-M6 wild-type and UGH-1O 1 callus were grown on culture medium containing 2 mm hydroxylamine. Both cell lines grew fairly well on hydroxylamine suggesting that the specific toxicity of glycine hydroxamate toward wild type cell lines was not due to hydroxylamine formation. When wild-type callus (1-M6) was grown on medium containing 2 mm hydroxylamine for 48 h, increases were observed in the intracellular glycine and alanine concentrations (Table VI) , but the increases were not as large as those observed with 2 mm glycine hydroxamate (Table I) .
To test whether glycine hydroxamate toxicity was due to a nonspecific hydroxamic acid effect, growth tests were made on media containing DL-alanine hydroxamate, DL-serine hydroxamate, or L-lysine hydroxamate. These analogs were for the most part nontoxic at a concentration of 2 mm.
Plants 66, 1980 known to act as a carbonyl reagent, inhibiting pyridoxal phosphate-containing enzymes (8) . The possibility that hydroxylamine was the inhibitory compound was considered, but the evidence does not support this hypothesis. Glutamate:glyoxylate aminotransferase, serine:glyoxylate aminotransferase, and glycine decarboxylase are all pyridoxal phosphate-containing enzymes susceptible to carbonyl reagents, but only the decarboxylase is inhibited when cells are incubated on 2 mm glycine hydroxamate and fed radioactive glycolate or glyoxylate (13) . There was no difference in the response of wild-type and resistant cell lines to growth in the presence of 2 mm hydroxylamine, and supplementation of the medium with 2 mm alanine hydroxamate, serine hydroxamate, or lysine hydroxamate, which are all potential sources of hydroxylamine, was not as inhibitory to callus growth as glycine hydroxamate supplementation. Thus, for these lines we have eliminated from consideration the most obvious factors involving the metabolism of the inhibitor itself rather than with the metabolism of glycine.
Particular attention was focused on the role of glycine hydroxamate as a competitive inhibitor of glycine decarboxylation (13 (10) were not examined.
By analogy with other amino acid analog-resistant cell lines, high levels of glycine were anticipated for at least some of the glycine hydroxamate-resistant lines. Therefore, intracellular amino acid concentrations were determined for wild-type and resistant lines in the presence and absence ofglycine hydroxamate. The observed increase in the intracellular glycine concentration in the presence of the inhibitor (Table I) is consistent with the demonstration that glycine hydroxamate is a competitive inhibitor of the glycine decarboxylase reaction (13) . The simultaneous increase in intracellular alanine concentration suggests that glycine hydroxamate functions as an alanine analog as well. The metabolism of [U-'4CJalanine in callus tissue was not altered by the presence of glycine hydroxamate (Table V) . The inhibitor may act on a quantitatively minor use of alanine such as the activation of alanine by alanyl-tRNA synthetase, or it may increase alanine concentrations by increasing the rate of alanine synthesis in the cells.
The most striking difference observed between the glycine hydroxamate-resistant cell lines and unselected cell lines was the elevated intracellular concentrations of glycine, alanine, and other amino acids in the resistant cultures (Table II) . Resistance to glycine hydroxamate may provide a special case requiring elevation of amino acids in general. If glycine hydroxamate acts as an analog of both glycine and alanine, and if glycine and alanine biosynthesis are not coordinately regulated, the simplest change which effects the concurrent increases in these amino acids may be one which results in increases in all amino acids. Alternatively, a more general mechanism may be involved. In selections for resistance to amino acid analogs in other plant cell systems elevation of the analogous amino acid has been reported (6, 7, (18) (19) (20) . In instances where total amino acid content was reported, increases in some other (nonanalogous) amino acids were also observed (7, 20) . The simultaneous elevation of other amino acid concentrations may be the only cellular response which avoids toxicity resulting from single amino acid increases. This toxicity is implicated in studies of single amino acid supplementation (2, 5, 9) and has been ascribed to interference with the regulation of nitrate assimilation in the cells (2) . The resistant lines with elevated amino acid concentrations are resistant not only to glycine hydroxamate, but also to supplementation of the growth medium with 10 mm glycine or alanine.
The observations that resistant cell lines grown in the dark have free amino acid levels more nearly like those of wild-type cells and do not grow in the presence of glycine hydroxamate (Table  VI) support the correlation between resistance and high amino acid concentration. These growth experiments imply that the observed amino acid increases are light-dependent.
Several aspects of our results may be explained by assuming multiple pools of glycine and alanine. Increases in glycine and alanine concentrations observed in the presence of glycine hydroxamate (Tables I and III) were not accompanied by increases in glycine (13) or alanine (Table V) uptake, whereas such increases observed as characteristic of resistant cell lines (Table II) were accompanied by increased uptake (Table V) . Further, metabolism of exogenously supplied radioactive glycine or alanine was unaffected by the presence of these greatly increased intracellular concentrations. This suggests the existence of a metabolically active pool into which the radioactive glycine or alanine is incorporated and which may be large in the resistant cell lines, and also, an inactive pool which increases in the presence of glycine hydroxamate. The existence of multiple pools of glycine in wheat leaves has also been suggested by Kumarasinghe et al. (1 1).
Studies with regenerated plants from five lines and seedlings derived from them have not yet demonstrated the pattern of inheritance of the resistant trait. In two lines the resistance was not retained in the regenerated plant. In three lines some, but not all, of the regenerated plants yielded callus which was still resistant. Among the small number of seedlings tested, only in one case, a resistant plant of UGH-105, were all seedlings resistant. Thus, it is presently unclear whether the glycine hydroxamate-resistant trait under study is unstable during the course of differentiation, or the callus cultures represent a mixed population of cells which sort out during growth, differentiation, and reproduction. The high levels of amino acids found in callus were not found in leaves of regenerated plants or seedlings.
Although glycolate synthesis can be assayed in callus tissue (4), it would obviously be of greater interest to examine the glycolate pathway in leaves of regenerated plants. However, the similar amino acid concentrations found in both wild-type and resistant plants precluded the study of the effect of increased glycine levels on the magnitude and characteristics of the glycolate pathway of photorespiration in these plants.
